A new design concept in the development of vertical takeoff and landing aircraft with high forward flight speed capability is that of the X-Wing. The X-Wing is a stiff, bearingless helicopter rotor system which can be stopped in flight and the blades used as two forward-swept wings and two aft-swept wings. Because of the unusual configuration in the fixed-wing mode, there is a high potential for aeroelastic divergence or flutter and coupling of blade vibration modes with rigid-body modes. An aeroelastic stability analysis of an X-Wing configuration aircraft was undertaken to determine if these problems could exist. This paper reports on the results of dynamic stability analyses in the lateral and longitudinal directions including the vehicle rigid-body and flexible modes. A static aeroelastic analysis using the normal vibration mode equations of motion was performed to determine the cause of a loss of longitudinal static margin with increasing airspeed. This loss of static margin was found to be due to aeroelastic 'washin' of the forward-swept blades and 'washout' of the aft-swept blades moving the aircraft aerodynamic center forward of the center of gravity. This phenomenon is likely to be generic to X-Wing aircraft.
Introduction
In recent years there has been new interest in the development of vertical takeoff and landing aircraft which are capable of high speed forward flight. Two concepts currently under consideration are the tilt-rotor and X-Wing aircraft designs. Both concepts promise to deliver an aircraft with helicopter-like hover, takeoff, and landing capability with high subsonic forward flight speeds comparable to current turboprop aircraft. In the tilt-rotor design. tandem rotors are mechanically rotated between the vertical and horizontal positions for various phases of the flight. In the X-Wing concept, the rotating rotor system is stopped in flight and used as fixed wings for forward flight.
The X-Wing itself is a stiff, bearingless. four-blade helicopter rotor system which uses circulation control aerodynamic blowing to maintain and control lift on the * * Aerospace Engineer, Aeroservoelasticity Branch, Loads and Aeroelasticity Division. Member AIAA.
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)J 1 blades and provide cyclic, collective, and higher-harmonic control inputs. The system incorporates a mechanical brake which is used to stop the rotary motion and lock the blades into position as two forward-swept and two aftswept wings for the high speed portions of the flight, with circulation control blowing again used to avoid flow separation. minimize drag and control lift, and provide fixed-wing flight control inputs.
A flight test program to demonstrate conversion of an X-Wing rotor from rotary to fixed-wing and fixed-wing to rotary modes is currently underway. An X-Wing rotor has been built by Sikorsky Aircraft Co. and will be flown on a modified Rotor Systems Research Aircraft (RSRA) in the near future (Ref. 1). Northrop Aircraft Corporation is assisting Sikorsky in the development of the fixed-wing flight control systems and aeroelastic stability analyses. The RSRA/X-Wing aircraft configuration is shown in Figure 1 .
The unusual configuration of an X-Wing aircraft in the stopped-rotor or fixed-wing mode has led to concern about the aeroelastic stability of the blades and the potential for aeroelastic interactions with the flight control systems and flight dynamics of the vehicle. As a result, detailed amservoelastic (ASE) analyses of the vehicle are planned and the initial state-space models describing the vehicle aeroelastic characteristics necessary for 8' complete ASE analysis have been developed. This paper highlights the mathematical model formulation and describes the effects of aeroelastic deformation on the flight dynamics of the vehicle.
This paper is organized in three sections. The first section describes the development of the state-space models of the vehicle longitudinal and lateral dynamics including the effects of rigid-body dynamics, flexible-vehicle deformations. unsteady aerodynamics, and deflected control surfaces. The following section gives the results of an analysis of the vehicle dynamics including aeroelastic deformations. The third section presents the results of a static aeroelastic analysis of the vehicle for the longitudinal case. This analysis was undertaken because of an analytically predicted change in the aircraft short period dynamics due to static structural deformation, and was performed using the normal mode equations of motion of the flexible vehicle.
Equations of Motion
Stability analyses of flexible aircraft require the development of suitable mathematical models describing the vehicle flight dynamics. structural dynamics, aerodynamics, and control inputs. For the analysis described here, separate state-space mathematid models for the longitudinal and lateral dynamics of the X-Wing vehicle were developed using ISAC (Interaction of Structures, Aerodynamics, and Controls) computer programs (Ref. 2 ).
The models were developed to accurately model the aeroelastic characteristics of the vehicle and include control surface deflections, but do not include closed-loop flight control or stability augmentation systems, higherharmonic control systems, or hub-moment-feedback systems which may be used on the vehicle. The dynamics associated with these systems will be added later as part of the ASE analysis. In addition, the aerodynamic modeling does not explicitly include circulation control blowing, although it is implicitly assumed that enough circulation control blowing is being used to maintain attached flow so that the aerodynamic theory used here is valid.
The equations of motion of a flexible, free-flying aircraft can be written in terms of vehicle rigid-body modes, vehicle simctural vibration modes, and control surface deflection modes. For a finite number of modes n, the displacement of thc vehicle is written as the product of mode shapes and timedependent generalized coordinates as where d(t) is the vector of vehicle displacements at various points on the vehicle, q(t) is an n vector of generalized coordinates, and the n columns of I$ are the mode shapes of the vehicle. Unsteady GAFs as a function of reduced frequency k = ab/V, where u) is the frequency of oscillation, b is a reference length, and V is the velocity, were calculated for harmonic motion in ISAC using doublet lattice aerodynamics. The same aerodynamic paneling and structural interface was used for both the longitudinal and lateral cases. Figure 2 shows the aerodynamic panel layout and the location of the structural nodes for the X-Wing rotor alone. A surface-spline routine was used to calculate the displacements and slopes of each panel for every mode based on the mode shape data at the structural nodes. The panel displacements and slopes are used in doublet lattice to calculate the unsteady GAFs. The longitudinal and lateral dynamics state-space rnodeh of the flexible X-Wing aircraft in the stopped-rotor mode were analyzed for static and dynamic stability by computing system eigenvalues for a range of flight conditions, and plotting the results as a velocity mtlocus. These analyses were performed to check for possible aeroelastic flutter, aeroelastic divergence, and possible body-freedom flutter, which is a coupling of rigidbody and flexible-body modes in an unstable flutter-like motion. The technique used leads to accurate estimates of instability speeds depending on the quality of the aerodynamic approximation in the reduced frequency m g e at which a mode crosses into the unstable right-half plane region.
Three series of analyses were performed, one each for the longitudinal and lateral dynamic models, and a third using a combined 1ateralAongitudinal model with a reduced set of symmetric and antisymmetric elastic vibration modes to check for possible coupling of the longitudinal and lateral dynamics. Two cases were run in both the lateral and longitudinal series, one using a model reduced to rigid-body modes only and the other using the complete set of rigid-body and elastic modes. The results of the third analysis series, which will not be shown, confm that the longitudinal and lateral dynamics for the study configuration are uncoupled over the tlight regime.
-Eigenvalues of the system matrices of the rigid-body only and the full elastic model were computed for airspeeds from 50 to 300 knots at sea-level flight conditions using the ISAC computer code. The results are shown in the form of velocity root-loci in Figure 5 shows the full flexible model eigenvalue locations, with all the eigenvalues in the (stable) left-half plane over the velocity range, including a spiral mode eigenvalue near the origin, indicating that no aeroelastic antisymmeeic flutter or divergence modes exist for this configuration. A comparison of the rigid-body analysis Dutch roll, spiral, and roll mode results with the full flexible model results for these modes are shown in Figure 6 . The only significant difference due to flexibility of the vehicle is a slight loss of Dutch roll damping at the higher velocities.
Longitudinal Stab ilitv -An analysis of the longitudinal dynamics of the X-Wing aircraft similar to the lateral analysis described above was performed using both the rigid-body only and the full flexible models. For the same 50 to 300 knot velocity range at sea level as above, the locus of system eigenvalues of the flexible model are shown in Figure 7 . These results show that the high frequency aeroelastic modes are all stable, however there is a single eigenvalue which moves along the real axis into the unstable right-half plane, passing through the origin at 230 knots. This unstable eigenvalue is shown more clearly in Figure 8 , where the rigid-body only and flexible model short period mode dynamics are compared. As shown, the rigid-body only model exhibits a classical short period behavior with a complex conjugate eigenvalue pair increasing in frequency along a constant damping ratio line in the left-half plane. The flexible model results on the other hand show a different characteristic to the short period mode eigenvalues, with the initially complex conjugate pair quickly becoming two roots on the real axis, with one root moving to the left and the other to the right into the unstable right-half plane at 230 knots.
The short period mot pattern of two real eigenvalues, although obviously due to the effects of structural flexibility in the present case, is characteristic of aircraft which are statically unstable. Therefore the predicted instability is due to structural deformations causing a loss of aircraft static margin. This loss of static margin is consistent with static aeroelastic 'washin' of the forwardswept blades (Ref. 6). which is the tendency of the load on the blade to increase the local section geometric angle-ofattack, causing a further increase in the aerodynamic load. Aeroelastic 'washin' of forward-swept wings leads to forward shifts in aerodynamic center locations and can ultimately lead to structural divergence of the wing. Similarly, aft-swept blades undergo static aeroelastic 'washout', which is the tendency of the load to result in a decrease in local section geometric angle-of-attack and thus limit the buildup of aerodynamic load due to deformation. Aeroelastic 'washout' of aft-swept wings also leads to forward shifts in aerodynamic center location. To verify that 'washin' and 'washout' were indeed the cause of the predicted instability. a static aeroelastic analysis method was formulated using a modal vibration approach to calculate static aeroelastic deformations and changes in static stability derivatives. Those results are described in the next section.
Static Aeroelastic Analysis
The dynamic stability analyses described in the previous section were performed using fmt-order statespace mathematical models developed from the secondader matrix differential equations of motion of the vehicle, as
[K + qW=O)l5 + qQ,&=W = 0 For combinations of rigid-body motion sr and conmlsurface deflections 6 the terms in Eqn. 8 contain the rigidbody aerodynamic forces (first term in square brackets) and the additional aerodynamic force due to static aeroelastic structural deformation (second term in square brackets). Dividing relevant elements of the total aerodynamic force matrix (square bracket term) due to rigid-body motion or conml-surface deflection by the corresponding elements of the rigid-body only force matrix gives the ratio of flexiblebody to rigid-body aerodynamic force as a function of dynamic pressure q. That is. the gain or loss of aerodynamic force due to smctural deformation is given as a ratio, with a nearly rigid vehicle having flexible to rigid ratios near 1 for the entire q range of interest.
In the longitudinal direction, vertical translation z and pitch angle 8 are the rigid-body mode dsplacements used in calculating unsteady GAF's and performing dynamic stability analyses. For steady-state, the aerodynamic force and moment due to z displacement are zero, meaning that the columns of and Qfr associated with z are zero.
Thus, for example, the matrix Qrr has the form
where is the lift due to pitch, and is the moment due to pitch. For small perturbations e, these forces are the lift and moment due to angle-of-attack so that when the total aerodynamic force is divided by the rigid-body aerodynamic force, the results are flexible-to-rigid ratios of the aircraft lift-curve slope CLa and the static-stability derivative CMa since the dimensional quantities of dynamic pressure q, reference area S. and reference length c cancel out.
Flexible-to-rigid ratios of CLa and CMa for the trimmed X-Wing vehicle are shown in Figure 9 for airspeeds up to 300 knots at sea-level flight conditions. The effects of flexibility on lift-curve slope C h are slight and concentrated at the higher flight speeds, with a ratio of 1.14 or a 14% increase in lift at 300 knots. The effect on the static stability derivative CMa is much more pronounced, with the flexible-to-rigid ratio decreasing rapidly with increasing airspeed, passing through zero at 230 knots and becoming of opposite sign, which corresponds directly to the passage of the real eigenvalue into the unstable region in Figures 7 and 8 .
The nearly constant C k ratio and rapidly changing CMa ratio imply a redistribution or shift in center of aircraft lift rather than a change in total aircraft lift. Dividing CMa by CLa at every airspeed gives the aerodynamic center location relative to the vehicle center of gravity (Ref. 8) . This result is shown in Figure 10 . The aerodynamic center at low airspeeds is aft of the center of gravity about 16 inches, generating nose-down stabilizing pitching moments for positive angle-of-attack disturbances. As the airspeed increases, the aerodynamic center moves forward toward the center of gravity, reducing the nosedown pitching moment and destabilizing the aircraft. Above 230 knots, the aerodynamic center is forward of the center of gravity generating unstable nose-up pitching moments due to positive angle-of-attack disturbances. This is the cause of the short period instability shown in Figure 8 .
To investigate the 'washin' and 'washout' characteristics of the X-Wing blades in this study, structural deformations of a forward-swept and aft-swept blade were calculated for a one degree angle-of-attack in Figure 12 . At the highest velocity, the forward-swept blade deflects upward at the tip about 1.7% of the blade length, which for this configuration is about a six inch actual vertical displacement. The aft-swept blade deflects slightly downward about 0.2% of the blade length at the tip, or about 0.7 inch actual displacement at that same dynamic pressure. This downward deflection is apparently due to downwash effects of the forward blade inducing a net contributing even more to a forward shift in aerodynamic center than that due just to aeroelastic 'washout'. Note predict these results assumes a flat, undefomed wake and therefore does not include the effects of deformations of the forward-swept blade wake on the aft-swept blade aerodynamics. These effects could be substantial, and could either alleviate or further aggravate the shifts in aerodynamic center locations.
Plots of the local section geometrical angle-of-attack changes due only to vertical-bending deflection of the blades for the one degree aircraft angle-of-attack condition are shown in Figure 13 . The forward-swept blade shows increasing angles-of-attack due to vertical deflections ('washin'), with a six degree increase at the tip for the highest dynamic pressure. For the aft-swept blade, the downward deflection results in an increase in local &on geometrical angle-of-attack along the span. This has the effect of reducing h e down lift being generated on the aft blade by downwash from the forward blade, thereby unloading the outboard sections of the aft blade.
negative angle-of-attack on the aft-swept blade, however that the doublet lattice aerodynamic theory used to Changes in blade lift distributions due to static structural deformation as a function of flight speed are shown in Figures 14 and 15. Figure 14 shows an increasing load distribution with increased velocity as well as an outboard (forward) shift in the center of the lift distribution. Figure 15 shows a reduction in outboard lift as velocity increases, corresponding to the aeroelastic 'washout' of the aft-swept blade. At 300 knots, the outboard third of the blade is actually carrying a down load and the center-of-lift has shifted substantially inboard (fonvard).
Static aeroelastic deformations of stopped X-Wing rotor system blades changing aircraft static margins and longitudinal stability and trim characteristics will likely be a generic problem for X-Wing configuration aircraft. In the stopped-rotor mode, several of the X-Wing rotor blades will have to be in a forward-swept position and will undergo aeroelastic 'washin' deformations. Furthermore, aeroelastic structural tailoring of composite structural material to force aeroelastic 'washout' of the forward-swept surfaces on the rotor blades or additional circulation control blowing to varying degrees along the blade.
Conclusions
A static and dynamic aemelastic stability analysis of an X-Wing configuration aircraft including the aircraft flight dynamics (free-body) modes has been conducted. Lateral directional analysis results using antisymmetric aircraft vibration modes showed only a slight decrease in Dutch roll mode damping due to X-Wing blade flexibility effects. Longitudinal analysis results using symmetric vibration modes showed a dramatic change in aircraft short period eigenvalues due to structural flexibility, leading to an unstable root pattern and a statically unstable aircraft.
A static aeroelastic analysis using a normal vibration mode approach was used to determine flexible-to-rigid ratios of the study configuration aircraft lift-curve slope, static stability derivative (moment-curve slope), and adynamiccenter location relative to the aircraft center of gravity. These results showed that the aircraft aerodynamic center shifted forward with increasing speed, leading to the previously mentioned static instability. Analysis of the blade deformations showed that aeroelastic 'washin' of the forward-swept blades combined with downwash induced down load on the aft-swept blade caused the aerodynamic center shift. Reductions in aircraft static margin and aircraft trim changes due to structural deformation are likely to be generic problems of X-Wing configuration aircraft and may require active blade deformation conml for X-Wing aircraft to achieve stable high speed forward flight. 
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